Induction of circulating interferon and protection against vaccinia virus infection in mice by injection of Brucella abortus were studied. It was demonstrated that morphologically intact brucellae (either live or killed by heat or exposure to NaOH) induce high and prolonged levels of circulating interferon in mice. In each instance, the inducing principle remained associated with the bacterial particle. Disruption of brucellae by mechanical means destroyed the interferon-inducing capacity. However, by alkalinization of the water extract of disrupted bacilli, an interferon inducer could be rescued. On intravenous injection, this inducer caused a typical endotoxin type of interferon response with a peak value at 2 hr. Mice pretreated with cycloheximide showed an enhanced interferon response to the brucella extract, but a reduced reaction to live brucellae. The significance of these data, in relation to the triggering of de novo interferon synthesis by brucella, is discussed. It was also observed that small doses of brucellae protected mice for at least 1 month against vaccinia virus infection. High doses of heat-or alkali-killed brucellae protected the animals for only a short time, and disrupted brucellae did not afford any protection. Thus, there was a good correlation between interferon-inducing capacity and short-term protective activity. Long-term protection, on the other hand, seemed to be related to multiplication of brucellae in the body.
Induction of circulating interferon and protection against vaccinia virus infection in mice by injection of Brucella abortus were studied. It was demonstrated that morphologically intact brucellae (either live or killed by heat or exposure to NaOH) induce high and prolonged levels of circulating interferon in mice. In each instance, the inducing principle remained associated with the bacterial particle. Disruption of brucellae by mechanical means destroyed the interferon-inducing capacity. However, by alkalinization of the water extract of disrupted bacilli, an interferon inducer could be rescued. On intravenous injection, this inducer caused a typical endotoxin type of interferon response with a peak value at 2 hr. Mice pretreated with cycloheximide showed an enhanced interferon response to the brucella extract, but a reduced reaction to live brucellae. The significance of these data, in relation to the triggering of de novo interferon synthesis by brucella, is discussed. It was also observed that small doses of brucellae protected mice for at least 1 month against vaccinia virus infection. High doses of heat-or alkali-killed brucellae protected the animals for only a short time, and disrupted brucellae did not afford any protection. Thus, there was a good correlation between interferon-inducing capacity and short-term protective activity. Long-term protection, on the other hand, seemed to be related to multiplication of brucellae in the body.
Several bacteria have been reported to stimulate the appearance of circulating interferon after intravenous or intraperitoneal injection into animals (9) . The failure of metabolic inhibitors to prevent this appearance of circulating interferon (5, 10, 13) has led to the concept that it is caused by a release of preformed interferon, not by de novo synthesis. In contrast, the interferon produced after stimulation with viruses, equally on the basis of studies with metabolic inhibition, is considered as synthesized de novo. In the present study the terms "inducer," "induction," and "induce" will be used to designate either of the two types of response. For most gram-negative organisms, the interferon-inducing properties are associated with the lipopolysaccharide component of the bacterial wall. Induction by intact bacteria and by extracted endotoxins follows the same pattern; i.e., circulating interferon attains a peak value at 2 hr postinjection and then abruptly decreases to zero again within a few hours. Intact brucellae, in contrast to enterobacteria, induce a more prolonged response and much higher 1 "Bevoegderklvaard navorser" of the Belgian "N.F.W.O." interferon levels in the blood (8, 10, 12, 13 ; De Somer et al., Ann. N.Y. Acad. Sci., in press), and the induction is blocked by pretreatment of the test animals with cycloheximide (10, 13 (7) . These endotoxins induce interferon when injected in vivo (4) . Both the yields and time pattern are identical to those obtained with the entire live or heat-killed organisms. Thus, it seemed possible that the interferon-inducing principle would be released from B. abortus by a similar heat treatment. A brucella suspension (2 X 1010 live bacteria/ml) was heated at 80 C for 60 min. It was then centrifuged at 45,000 X g for 10 min. The clear supernatant was removed, and the pellet was suspended in the original volume of saline. Samples of the brucella suspension were also taken both before and after heating. Each fraction was tested for interferon induction in mice as described in Materials and Methods; the amount injected corresponded to 1010 live bacteria. The results (Table 1) showed that heating at 80 C, to a certain extent, reduced the interferon-inducing potency of the bacteria. However, the typical induction pattern of Brucella was preserved, i.e., high yields were obtained at Effect of mechanical disruption of B. abortus on its inducing potential. Disruption of bacteria was performed either by exposure to ultrasound or by shaking the bacteria with glass beads. Specifically, a suspension of live brucellae (2 X 1010 organisms/ ml) was shaken for 3 min. The shaking flask was cooled by a stream of C02-snow. The cell debris could easily be decanted from the rapidly sedimenting glass beads. The beads were washed once, and the supernatant was combined with the first harvest of bacterial debris. Microscopically, no residual intact organisms were detectable. The cell walls were separated from the cytoplasm by centrifugation at 45,000 X g for 20 min. Samples of each fraction (intact brucellae, total disintegrated bacteria, cell walls, and cytoplasm) were tested for interferon-inducing capacity as indicated in Materials and Methods. Unexpectedly, it was found that mechanical disruption resulted in a nearly complete loss of interferoninducing ability (Table 2 ). This result was confirmed by a second type of experiment in which the brucellae were disrupted by ultrasound at 0 C for 2 hr. Again, microscopic examination revealed no intact organisms in the suspension, and the equivalent of 2 X 1010 cells was injected in mice. Table 2 shows that, whereas the intact bacteria induced very high levels of interferon, the disrupted cells caused only a minute response.
Mechanical disruption may enhance autolysis of certain bacterial components. The inducer could thus be enzymatically degraded. The following experiments were designed to test this hypothesis. Brucellae were heated at 65 C, with the purpose of inactivating possible autolytic enzymes. Mechanical disruption of such heated cells likewise destroyed their inducing capacity (Table 2) . Moreover, when intact brucellae were incubated for 2 hr at room temperature with a water extract of disrupted bacteria, no inhibition of the interferon-inducing ability was observed (Table 3 ). These negative results did not support the proposed hypothesis, but did not exclude it either, because autolytic activity may have escaped destruction in the first experiment and may not have been efficiently extracted in the second one. supernatant of the disintegrated bacteria and remained in solution after exposure to alkali. It can also be seen, however, that interferon induction by NaOH-extracted inducer followed the endotoxin pattern, i.e., a low-level response with a peak at 2 hr.
Effect of cycloheximide on interferon responses to B. abortus, to extracts prepared from B. abortus, and to other inducers. Induction of interferon by live brucellae was reported to be inhibited by cycloheximide, whereas endotoxins, either from enterobacteria or from brucellae, are potentiated by cycloheximide (10, 11, 13) . Hence, it seemed logical to compare induction of interferon by brucellae and by the NaOH-extracted material in normal and cycloheximide-treated mice. Groups of three mice were given either saline or 5 mg of cycloheximide intraperitoneally 1 hr before induction with intravenous Newcastle disease virus (NDV), live brucellae, a phenol-extracted lipopolysaccharide from brucellae, or the NaOHextracted interferon inducer from brucellae. The animals were bled 2 and 6 hr after injection of the inducers. The results ( (Fig. 1) show that the protective activity of brucella increased with time. Indeed, 107.0 brucellae per mouse were necessary to cause a 50% reduction in pox lesion count when the vaccinia virus was given 1 day after the brucellae. The 50% protective dose decreased to 1065, 104.-, and 104-0 when the vaccinia virus was given 7, 14, and 29 days, respectively, after the brucellae. Similar experiments were carried out with brucellae killed by heat (65 C, 30 min), exposure to NaOH (0.1 N, 16 hr at 37 C), or mechanical disruption. From the results in Table 6 , it appears that heated and alkali-treated brucellae partially retain their ability to protect against vaccinia virus given 1 day later. When the virus was given 7 days after the brucellae, the lesion scores were barely or not at all influenced by these types of brucella preparations. Disrupted brucellae did not protect the mice at all. Thus, short-term protection by killed brucellae correlates well with their ability to induce interferon. Indeed, heated or alkali-treated bacilli induced high levels of circulating interferon and also protected against pox development; disrupted brucellae, on the other hand, did not induce interferon and did not protect either. None of the preparations of dead brucellae could afford protection over a long period. This, together with our observation that protection afforded by small inocula of live brucellae increased with time, suggests that survival or even multiplication of brucellae in the organism is needed for the occurrence of long- Interferon-inducing lipopolysaccharides can be extracted from enterobacteria by heating at 80 C. When this kind of treatment was applied to B. abortus, the interferon-inducing ability was left intact (De Somer et al., in press). However, all of the activity remained associated with the bacilli and none was released into the medium. Exposure to 0.1 N NaOH also left the interferon-inducing ability of B. abortus intact; likewise, only a minute proportion of the activity was released into the supernatant fluid. Clearly, these treatments did not allow extraction of the inducing principle. It should be remarked that during exposure to heat or to alkali the bacterial cells were not lysed. It seemed indicated therefore to disrupt the cells by simple mechanical means before further extraction was attempted. Unexpectedly, it was found that mere disruption, by exposure to ultrasound or by shaking the bacteria with glass beads, resulted in a nearly complete loss of interferon-inducing capacity.
This may be due to destruction of the inducer by autolytic enzymes released during disruption of the brucellae, but no evidence for the existence of such a mechanism could be obtained. The failure of disrupted brucellae to induce high titers of interferon might also be due to the early development of hyporeactivity. Experiments in which mice were given combined injections of disrupted and live brucellae seemed to refute this hypothesis. Finally, the inability of disrupted brucellae to induce high and prolonged titers of circulating interferon might be explained on a physiological basis. It may be, for example, that several components and structures in Brucella have to be present in interferon-producing cells to elicit the typical long-term response. When disrupted bacteria are injected, the different components may be taken up by different cells.
From the water phase of homogenized brucellae, an interferon-inducing material could be extracted by exposure to NaOH. Circulating interferon obtained after injection of this inducer followed an endotoxin-type interferon pattern; low titers peaking at 2 hr were obtained. Moreover, pretreatment of the mice with cycloheximide enhanced the response to the NaOHextracted material, whereas it inhibited induction by intact brucellae. Similarly, a phenol-extracted lipopolysaccharide from B. abortus induced measurable titers of interferon in cycloheximidetreated mice, but it seemed inactive in control animals. These experiments, which confirm earlier reports by Youngner and co-workers (10, 13) , can best be interpreted as indicating that B. abortus has the potential to elicit both the release of "preformed" interferon and de novo synthesis of interferon. Whatever the role of the brucella endotoxin in either mechanism may be, our results strongly suggest that a bacterial structure, sensitive to mechanical disruptive forces, must reach the relevant cells for de novo synthesis of interferon to be triggered. Whether this structure is only a macromolecule or a more complex morphological entity cannot at present be ascertained.
As described earlier, intravenously injected intact brucellae can protect mice against infection with vaccinia virus (3) . The experiments reported here show that this protection lasts for at least 1 month. Heat-or alkali-killed bacteria protected mice for only a short period, and much higher doses were needed, suggesting that long-term protection depends on the survival or multiplication of Brucella in the host. This would also be consistent with the observation that the protective effect of a small dose of live brucellae was manifested only when vaccinia virus was given 2 or 4 weeks later.
The mechanism of resistance elicited by certain microorganisms against phylogenetically unrelated agents is a matter of conjecture (1, 3, 6) . As far as viruses are concerned, the effect might be mediated by interferon. This would be consistent with the observation that a number of brucella preparations which induce interferon [e.g., live, alcohol-precipitated (De Somer et al. in press), heat-killed, or alkali-treated brucellae] did elicit at least short-term resistance against virus, whereas mechanically disrupted brucellae neither induced interferon nor protected the mice against the development of vaccinia lesions. Also, a phenol-extracted lipopolysaccharide (1) which induced interferon only in cycloheximide-treated mice did not protect the animals against challenge with Columbia SK virus (F. M. Berger and R. H. Gustafsson, personal communication).
